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Discussion Arising from Session on Cardiac Filling
DR. HALES: I don't think I will have a great deal to say now, but I hope that you will
agree that myco-proponent showed that bloodvolume maintenance is a very important
factor in heat stress. Thequestion then is what is sensed as volume changes. Dr. Kirsch
talked about the importance ofthe venous pressure gradient from the skin or systemic
vasculatures into the central venous pool and the gradient being maintained by a
lowering ofcentral venous pressure, at least partially. Now ifthat is the case, then the
low-pressure baroreceptors are not the central key to the whole issue. If the low-
pressure baroreceptors are important, then how is the decrease in filling pressure
brought about? One might ask why the key experiments have not been done and what
should be done. I think that the main contributions to this area have come from two
groups-those in Seattle around Rowell's laboratory, and those here around Nadel's
laboratory. Both groups have worked with human subjects and therefore are restricted
in their abilities to manipulate central venous pressure experimentally. So I have
thought ofseveral key experiments that are quite feasible and need to be done in lower
animals. First of all, it would be important to try to lower skin blood flow during heat
stress by lowering the central venous pressure in conscious, chronically prepared
animals. This is quite a feasible proposition by having a chronically implanted
pneumatic cuffaround the inferior vena cava. Second, it would be important to see ifit
is possible to defer the reduction in skin blood flow by maintaining central venous
pressure through expanding the blood volume of the conscious animal or perhaps by
removing the receptor input. I feel this is quite feasible by means of a chronically
implanted catheter in the pericardial sac and infusion of local anesthetic at various
stages ofheat stress.
With that food for thought, I will leave it for the time being. Thanks.
DR. KIRSCH: We have really had a hard time understanding each other because so
many different models are used to make a point. For instance, Dr. Senay suggested
that long-term exercise experiments need to be done to show both what is changed and
how these variables change. I think this is true because, in such experiments, the
hydration level ofthe volunteers changes and probably so does the distribution offluid
between the vascular and extravascular compartments. This is a missing link, and
there are methods available toexplore this problem. Cardiovascular physiologists, or as
you would call them plumbers, examine first the mechanics of the system. Before
describing a reflex, we try to explain everything by simple mechanical models. I think
we should really know about the basic mechanics ofthe system, and later start looking
for explanations by these reflex maneuvers.
The other thing I cannot understand is that Dr. Hales saw a defense of central
venous pressure. A defense ofcentral venous pressure would mean keeping the central
venous pressure almost unchanged. Where then does the information come from ifyou
keep central venous pressure constant? We have never seen an absolute defense ofthe
central venous pressure; it always goes up and down in a certain range. This variabilty
is important because it provides the system with needed information.
For the future, I think we should examine the models we use and attempt to unify
our models. Second, our methodology is limited. Today there is isotope methodology to
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sense the volume distribution in the body under different conditions. If we collaborate
here with our clinical colleagues who have all these modern methods available, we
could gain answers rather rapidly.
DR. HALES: About thedefenseofcentral venous pressure, I don't think either Dr. Senay
or I implied that it is something that is going to be held rock-steady. One reason for the
body's monitoring central venous pressure is to provide the stability of arterial
pressure.
A falling central venous pressure provides the stimulus for vascular responses. Once
we have passed various thresholds, the low-pressure baroreceptors are going to
respond. We wouldn't want to see it kept steady; we want to see itvary, as you havejust
described.
DR. SENAY: I didn't really think I had much to say untiljust about two minutes ago.
The reason we have a problem communicating is because most studies have been
short-term, and I am thinking long-term. For any particular experiment, the central
venous pressure is guarded, but it may be guarded at a different level if you keep
repeating theexperiment. Ifyou aregoing totalkabout theexperiment that goes on for
30 minutes, central venous pressure tends to go down and then it tends to level off. No
one ever goes far enough to find out whether central venous pressure is going to stay
there or not. I would imagine-this is a hypothesis-that if we repeat the experiment
the next day, maybe what we would find is that central venous pressure would undergo
another decrease, but this time it would remain somewhat elevated with respect to day
1. And you would find, on day 3, it would probably not fall at all.
What people tend to do is confuse the stimulus with the response. In the short term,
the system just cannot adapt rapidly. If the person cannot adjust his cardiovascular
system to the stress, he has a choice: he falls down or he gets the hell out of the
environment. My feeling is that the central venous pressure is guarded, but the level at
which it is guarded depends on when it is measured.
One more thing I want to emphasize is that very few people measure transmural
pressure, which is the pressure of interest, not intravascular pressure. We tend to
assume that they are the same, but this is not necessarily so.
The final thing is that when I went through the literature on this topic, I realized
what we are up against. Neither opponents or proponents have enough ammunition to
put a dent in a balloon.
DR. RAVEN: Let me first raise one issue. Concerning adaptations over the long term, I
believe the data you showed, Dr. Senay, was that a plasma volume increase caused the
change in central venous pressure. But on day 1 of a heat and exercise regime, the
sweat loss is high. Belding's studies showed a higher sweat loss than yours. I calculated
that you did have an increase in sweat rate over the first days ofexposure which works
out to be about 5 percent of the 700 kilocalories per hour required. This means that
your volunteers developed a greater cooling capacity. I wondered if that also is not
involved in the improvements with repeated exposure. Then we would raise the
question as to whether a repeated central venous pressure measurement would reveal
any change in the same period. I would suggest that central venous pressure would
probably go down to the same level on days 1 and 3. If so, the plasma volume changes
with repeated exposure may not be critical to the adaptive response. We have to allow
central venous pressure to go down.
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DR. NADEL: I found this afternoon's session to be quite entertaining. I'd like to
comment to each of the speakers. Dr. Hales suggested that the sequence of events
might well be as follows: that increased body temperature stimulates the high skin
blood flow, which is accompanied by pooling of blood in veins below heart level. This
then may lead to a fall in central venous pressure, which then may be partially
compensated by an increase in skin vascular resistance. This would be a reasonable
sequence ofevents to postulate.
Dr. Hales then asks, and I think correctly, "What then is being sensed by the body?
Is the body sensing a fall in cardiac input, or in central venous pressure, or a fall in
arterial pressure?" I think this is the crux ofthe argument. Dr. Raven said at one point
that arterial pressure is maintained above all else. I don't think any of us would have
any great disagreement with that. The maintenance of arterial blood pressure is
something the body works very hard for and a varying central venous pressure provides
important information to this end. Without arterial blood pressure maintenance, blood
brain flow falls and syncope develops quite rapidly. Anita Trapathi at the Pierce
Foundation Laboratory showed that, using lower body negative pressure, one can
artifically manipulate central venous pressure and show that central venous pressure
isn't defended over a fairly wide range. However, this is the case until one reaches a
particularly low central venous pressure, at which time, the body defends against the
falling central venous pressure by markedly decreasing the forearm venous capaci-
tance. This is also the time that arterial pressure begins to fall. In this case you might
say that this is a feed-forward reflex in which the lowering of the blood pressure
triggers reflexes that act to maintain central venous pressure and incidentally, and
more importantly, act to maintain arterial blood pressure.
Dr. Kirsch gave a fascinating presentation, using data from both dog and human
experiments, to support the view that a falling central venous pressure does not always
imply an inability to maintain an adequate cardiac output. His data were very
convincing in that regard. But most ofhis data were collected in a recovery phase from
exercise. The muscle pump was removed from the operation, and the heat load was
removed as well. What would really be fascinating would be to follow some of these
same variables during the period in which the heat-generating mechanisms were intact
and the heat production was high.
I think that looking at recovery data can be enlightening in many cases. Linda
Shannon and Gary Mack at the Pierce Foundation Laboratory havejust been studying
reflexes in human volunteers during beta blockade. They have been finding that,
during heavy exercise in the heat, these people cannot quite maintain an equivalent
cardiac output than when on a placebo. After exercise, in the first moments of
recovery, two of the six athletes developed syncope. So it seems that when the muscle
pump is removed, then the cardiac filling pressure may fall to a very low level, and
arterial blood pressure cannot be defended under such conditions.
I agree with Dr. Senay that it is really not known whether central venous pressure
falls during exercise in the heat and whether the fall is similar in people who are
heat-acclimated. Recently, Anita Tripathi, Gary Mack, and I did some studies
examining the question of what happens to central venous pressure in different
conditions and found that during moderately heavy exercise in the heat central venous
pressure is maintained fairly well for 30 minutes. Only when people were rendered
hypovolemic did central venous pressure fall. These data are preliminary, and we are
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certainly trying to follow these up. I am putting them up for discussion purposes only. I
hope that they will stimulate some discussion.
Finally,just to reply to Dr. Senay's point about the importance ofblood volume, we
have found a good relationship between cardiac stroke volume and the absolute blood
volumeduring exercise. What isn't known is how thecardiacfilling pressurechanges in
such conditions. While these data suggest the possibility that volume affects the filling
pressure, they certainly do not constitute a proof.
DR. NIELSEN: These are fascinating, yet confusing, issues. I think the confusion is due
to the fact that in our discussion we do not distinguish between short-term, acute
exposures, long-term acclimatization exposures, and exposures with dehydration.
Some of the variables we are concerned with change very quickly. For instance, there
are major changes in plasma volume within the first five minutes ofexercise. Whether
plasma volume changes after five minutes depends on the severity of the exercise, as
well as the severity ofthe environmental condition. Thechanges in plasmavolume may
well influence the heart's stroke volume. But the time of measurement is important.
When you measure plasma volume in the period after exercise, the results may not
apply to exercise itself, because within five to ten minutes after exercise, plasma
volume returns toward control and may increase above this after perhaps 20 or 40
minutes ofrecovery.
DR. KIRSCH: Due to the shortness of time, I didn't go into the methodology. Dr. Senay
asked whether we know what the transmural pressure is. We always measure our
central venous pressure in the end-expiratory phase under supine conditions. Under
these conditions, the transmural pressure is well reflected by the intravascular
pressure.
A second point is that after 90 minutes of recovery, we found increased plasma
volumes, as other authors have, and for us the most interesting thing was that the
plasma volume was high and central venous pressure was low. There is no doubt that
we don't know exactly why this is, although we offer the following explanation. If in
these conditions you have dehydration and a high intravascular filling volume, in the
periphery fluid must have been recruited from perivascular tissues. There is a gradual
redistribution offluid between the intra- and extravascular compartment; a low central
venous pressure provides a gradient to pick up the perivascular fluid, which is very
important to maintain blood volume. Don't forget that our subjects are supine; we
cannot say what occurs in other conditions.
DR. NIELSEN: I thought we were discussing the limiting factors during the heat stress
and during the exercise. Ifthis is the case, what do things that happen 90 minutes after
exercise tell us?
DR. KIRSCH: From the very beginning, we all recognized that there are tremendous
difficulties in methodology. Central venous pressure is a variable that varies between 5
to 10 cm ofwater. The noise induced by exercise is so great that it is often greater than
the change in the signal induced by exercise. At present, there is no good non-invasive
means to measure central venous pressure. We use the so-called hanging arm method
to estimate central venous pressure immediately after the end of exercise. The
volunteer just lies down and you then get a measurement. From the methodological
view, you are really limited to making exact predictions of what happens during
exercise. Therefore, during exercise cardiac function can best be followed by non-
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invasiveor isotope methodologies that theclinicians usetoday. This is what I thinkthat
we are really missing. They are further advanced in their methodologies than we are.
DR.HALES: I wouldjust like to take a moment, at the risk ofrepeating myself, to define
really what the end-point in these experiments is. That is, with heat stroke I think
ultimately the breakdown is due to intravascular coagulation and on sphering of red
cells, and/or central nervous system derangements.
Today, what we are talking about is just one step back from that. In other words,
what leads to that extreme hyperthermia? To me, the obvious thing is the decrease in
skin blood flow and then the consequent hyperthermia during continuous exercise with
reduced heat transfer.
DR. JESSEN: An alternate view is that we are talking about ten steps before that final
event. Most experiments reported here this afternoon were far away from limiting
conditions. The only experiment shown here done under limiting conditions was the
marathon run, but that study did not show either temperature or central venous
pressure.
DR.SIMON: I would like to bring up two points which I missed in the discussion. One is
the end-systolic volume. In the short-term experiments that Dr. Kirsch described, the
end-systolic volume goes down very close to zero. Then you move to an area of
compliancy oftheventricle, where youjust need a minimal filling pressure to put in an
absolutely enormous amount of blood. So, for short-term adjustments, this is a most
important variable and you can get along very well with a very low filling pressure. But
this may be, in the long run, quite an uneconomical situation and it is very reasonable
that at thesecond orthird or fourth heat stress, theorganismtries toavoid thesituation
by defending a higher filling pressure so that it is not necessary to drive the heart to
these limits. This is one pont.
The second point which I would only briefly touch (it will probably be discussed
tomorrow) is that there is another variable in long-term dehydration which senses what
is going on, and that is osmolality. This has a very strong effect on thermal
regulation.
DR. RAVEN: This is an interesting point. During the first five hours of an eight-hour
heat exposure, rectal temperature increased only 0.1°C per hour. In each of the last
three hours, rectal temperature went up 0.2, 0.3, and 0.4 degrees. The point I would
like to make here is the total capacity tocool the body was dropping in those last two to
three hours. So the competition between vasoconstriction, sympathetically driven, and
active vasodilation had been changed. That may have been triggered by the low-
pressure baroreceptors. It would seem to me that is where the central integrations
occur.
DR. NADEL: It could be that. But without measurement of either the central venous
pressure or the absolute blood volume in those conditions, I think it is difficult to weed
outseveral other possibilities. Notthe least ofthese is theone Dr. Simonjustdescribed,
which is the change in the blood osmolality. Some data we published in 1980 showed
that, in humans, the cutaneous blood flow response to increasing internal temperatures
was very sensitive to the plasma osmolality. Harrison had indeed shown the same thing
several years earlier, although not in quite the same way. He showed that excessive
hyperthermia was the consequence ofartifically increasing plasma osmolality. While it
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may be that central venous pressure participates or changes in central venous pressure
participate, other possibilities are equally plausible.
DR.SENAY: I would like to address Dr. Nielsen's point about exercise and the reduction
in plasma volume. First of all, one must be wary of the type of exercise performed.
Some forms ofexercise will reduce plasma volume and some will not.
The time involved is also important. We did some very rapid blood sampling. In one
minute ofexercise, around 60 percent ofwhat will be lost eventually has already been
lost. That's how rapidly the volume shift occurs.
DR. SIMON: We are always reading in the newspapers that some of the best in a
marathon run always give up somewhere. So they are really working along close to
their limit. It is really a problem whether they get through or whether they just fall
victim to one ofthese limiting factors.
DR. NADEL: This is a really difficult point to argue because I agree with Dr. Kirsch that
we don't want to set up conditions in the laboratory, especially with humans, in which
they may be limited. On the other hand, if we are trying to achieve some insight into
the hierarchy ofthe regulatory systems, then we do want to set up conditions in which
the systems have to compete with each other and perhaps drop out.
The experiments I was describing that Linda Shannon and Gary Mack have been
doing involved athletes who had maximal aerobic powers in their high 60s, low 70s.
These people went on beta blockade and had to make alternative adjustments to
cardioacceleration in order to maintain both muscle blood flow and their thermal
regulation. These were the people that worked to the point where they became
borderline syncopal. Hyperthermia was the reason for stopping at least oneofthe other
experiments.
So these people were quite compromised. We prefer not to get into conditions where
we are causing a limitation of performance, but, on the other hand, it is good to bump
up close to that because such a design is a good way to figure out how the systems are
being regulated.
DR. WENGER: Dr. Kirsch said that it would be undesirable to maintain central venous'
pressure at a constant level because the body needs information that results from a
varying central venous pressure.
If the central venous pressure were maintained tightly and therefore cardiac filling
pressure was maintained, what need would thebody haveoftheinformation thatwould
be lost thereby?
DR. KIRSCH: The answer may be related to thepossibility ofintra-thoracic low-pressure
receptors. These may provide information about capillary filtration and reabsorption.
When you start exercise you change the Starling forces across the muscle capillaries,
leading to increased filtration. There must be a counter to this to keep an adequate
flow. Very important information is brought into the system by these low-pressure
baroreceptors. This would be important information which would be lost.
DR. WENGER: But as I understand, you want this information so that you can limit
filtration, so you can defend plasma volume. But what reason do you have for wanting
to defend plasma volume other than to defend central venous pressure and cardiac
filling?
DR. KIRSCH: Because this protection of the intravascular volume is in my understand-
ing a very important matter.
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DR. NADEL: I think the point here is that while central venous pressure might be
allowed to fall to a certain degree, when it reaches a critically low value because ofthe
pooling of the blood in the periphery, the body is no longer able adequately to return
blood to the heart. So the body has sensors, presumably on the low-pressure side ofthe
circulation, that say "Hold it, let's not let the pressure fall too far." If there is no
cardiac input, there can't be any cardiac output. I think maybe it's a question of not
arguing about the central venous pressure as being tightly regulated, it is a question
of the importance of central venous pressure reaching a critically low level. By
monitoring central venous pressure, the body has a feed-forward mechanism to protect
against a fall in arterial blood pressure and brain blood flow.
DR. DUBOIS: I am surprised that the right ventricle can fill during diastole in the face of
a drop in central venous pressure of 4 cm of water. How does the right ventricle fill at
such a fast rate when the input pressure is diminished so much?
DR. KIRSCH: There is a change in the inotropicstateofthe heart. With the next diastole
the heart almost sucks the blood into theventricle. You almost don't need any pressure.
Theventricle is a floppy bag that the blood easily distends. This is what radiologists see
on the screen ifthey look at the heart during these conditions.
DR. NADEL: There is another answer, which is that blood flows down a total energy
gradient. This includes several components, only one of which is the pressure energy
gradient. The total energy gradient includes kinetic and gravitational energies.
DR.JESSEN: I wish to raise the question to what extent animal experiments can be used
to answer the question which has been posed here. We are talking about limits. The
thermal limits in animals are so far from the range we are concerned with in humans
that I don't really think that you can get any clues from one species to another.
A second point is that, in my experience, it is extremely difficult and nearly
impossible to get an animal to work until its limits. How do you know that it has
reached its physiological limits?
I really have some doubts whether animal data can be of general use in answering
that question.
DR. HALES: As I indicated quite clearly in my initial presentation, we have been able
to go only so far on the human experiments. We think that we can extrapolate to the
limits. Alternatively, we can actually observe athletes who collapsed or people
suffering heat strokes during the pilgrimage to Mecca, for instance. What we can do on
animals-in some animals such as the sheep-supports what we think is going on in
humans under the extreme conditions. The redistribution of blood flow in the sheep
very largely supports what we think is going on in humans under those extreme
conditions. But wecan't say the same thing about thedog. One might have to exercise a
little more caution in interpretation because dogs do not show the same sort of
redistribution ofcardiac output as men, sheep, or baboons do.
DR. MACK: I recall that a baboon's cardiac output response to heat was not similar to a
human's response. In the baboon thecardiacoutput didn't increase to thesame relative
extent.
DR. HALES: You are correct. Cardiac output didn't increase and that is in contrast to
what we see in humans. But the changes in the regional blood flow to skin and the
kidneys and to skeletal muscle followed the same sort ofpicture as we see in humans.
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